Fanconi anemia (FA) is a rare multi-genic, autosomal and X-linked recessive disorder characterized by hematological abnormalities, developmental defects and increased cancer susceptibility. Patient-derived FA cells display heightened sensitivity to DNA cross-linking agents such as mitomycin C (MMC). In response to DNA damaging agents, and during S-phase of the cell cycle, the FA pathway is activated via the monoubiquitination of FANCD2 (FANCD2-Ub), signaling its translocation to discrete nuclear foci, where it co-localizes with the central DNA repair proteins BRCA1 and RAD51. However, the exact function of activated FANCD2-Ub remains unclear. Here, we have characterized the role of the FA pathway in response to DNA replicative stress by aphidicolin (APH) and hydroxyurea (HU). The FA pathway is strongly activated in response to both agents. In addition, using patient-derived FA cell lines and siRNA targeting FANCD2, we demonstrate a functional requirement for the FA pathway in response to low doses of APH: a replicative stress treatment known to result in chromosome breakage at common fragile sites. Both the total number of chromosome gaps and breaks and breaks at the specific common fragile sites FRA3B and FRA16D were significantly elevated in the absence of an intact FA pathway. Furthermore, we demonstrate that APH activates the mono-ubiquitination of both FANCD2 and PCNA and the phosphorylation of RPA2, signaling processive DNA replication arrest. Following APH treatment, FANCD2-Ub co-localizes with PCNA (early) and RPA2 (late) in discrete nuclear foci. Our results demonstrate an integral role for the FA pathway in the DNA replication stress response.
INTRODUCTION
Fanconi anemia (FA) is a rare autosomal and X-linked recessive disorder characterized by specific developmental abnormalities, hematological defects and increased susceptibility to cancer (1, 2) . FA patients are particularly susceptible to acute myelogenous leukemia, myelodysplasia and squamous cell carcinomas of the head, neck and oral cavities (3) . At the cellular level, FA is defined by heightened sensitivity to DNA interstrand cross-linking agents such as MMC and cisplatin. There are currently 11 defined FA complementation groups (A, B, C, D1, D2, E, F, G, I, J and L), and the genes underlying nine of these subtypes have been cloned (2,4 -6) . The FA proteins and the breast cancer-associated proteins BRCA1 and BRCA2 interact in a common pathway essential in the cellular DNA damage response. The FA proteins A, B, C, E, F, G and L assemble in a multi-subunit nuclear complex (6 -9) . Following exposure to DNA damaging agents, and also during S-phase of the cell cycle, the core FA complex activates the mono-ubiquitination of lysine 561 of the FANCD2 protein, signaling its activation and translocation to discrete nuclear foci, where it co-localizes with the key DNA repair proteins BRCA1 and RAD51 (10, 11) . Mono-ubiquitination of FANCD2 promotes loading of the BRCA2 protein into chromatin complexes and facilitates the assembly of DNA damage-inducible RAD51 nuclear foci (12, 13) . Although mono-ubiquitination of FANCD2 is essential for cellular MMC resistance, its exact biochemical function in the DNA damage response and during DNA replication is as yet undefined (11) .
The DNA replication process itself has become increasingly recognized as a potential source of chromosomal instability. Replication fork stalling upon encounter of a lesion-damaged template is thought to invoke a homologous recombinationdependent replication restart mechanism (14, 15) . DNA replication, repair and recombination processes have to be tightly coordinated in order to maintain genomic integrity. Up-regulation of FANCD2-Ub protein during S-phase and localization of FANCD2-Ub to RAD51-and BRCA1-containing nuclear foci during S-phase (10), strongly suggest a role for the FA pathway at the DNA replication-recombination interface.
One manifestation of DNA replication stress is chromosome instability at common fragile sites. Common fragile sites are chromosomal loci that preferentially exhibit gaps and breaks when cells have been cultured under certain conditions of replicative stress such as folate deficiency or treatment with low concentrations of the DNA polymerase a and d inhibitor APH (16) . Common fragile sites are 'hot spots' for increased sister chromatid exchanges (SCE), translocations and preferred sites of viral integration. Furthermore, many fragile sites and their associated genes are rearranged or deleted in tumor cells (17) . It is hypothesized that fragile sites represent structurally distinct, late-replicating regions particularly susceptible to replication fork stalling or collapse and subsequent incomplete replication and chromosome breakage. Thus, fragile site expression represents a physiologically important means of assessing the mechanisms of replication fork distress signaling and resolution.
Here, using FA patient-derived cell lines and small interfering RNA (siRNA) directed against the FANCD2 gene, we have assessed the impact of disruption of the FA pathway on DNA replication stress signal transduction pathways in general and on common fragile site stability. Abrogation of the FA pathway leads to an increase in APH-induced chromosome gaps and breaks and instability specifically at common fragile sites. Furthermore, APH up-regulates the mono-ubiquitination of both FANCD2 and the sliding clamp protein proliferating cell nuclear antigen, PCNA, and the phosphorylation of the 32 kDa subunit of the single-stranded DNA (ssDNA) binding replication protein A heterotrimer, RPA2, and promotes their assembly into discrete nuclear foci. These events most likely signal processive DNA replication arrest and the recruitment of DNA repair factors required for homologous recombination-dependent replication restart. Our findings indicate that the FA pathway plays an integral role in the response to DNA replication perturbation.
RESULTS
APH and HU strongly activate the FA pathway IMR90 SV40-transformed fibroblasts were exposed to 1 mM HU, 0.4 and 4.0 mM APH for 24 h and whole-cell lysates were probed with an anti-FANCD2 antibody. Twenty-four hours following 1.0 mM HU and 4.0 mM APH treatment FANCD2-Ub was almost exclusively present, as indicated by FANCD2L (long form)/FANCD2S (short form) (L/S) ratios of 1.8 and 1.6, respectively (Fig. 1A, lanes 4 and 6) . Similarly, even at 0.4 mM APH, which does not completely arrest cell cycle progression yet leads to an increase in fragile site breakage, FANCD2 was mono-ubiquitinated to a significant extent, with an L/S ratio of 1.4 (Fig. 1A, lane 7) . Replication inhibition by 0.4 and 4.0 mM APH and 1.0 mM HU also strongly activated the formation of discrete FANCD2 nuclear foci in both IMR90 and HeLa cells. Following 24 h exposure to 0.4 and 4.0 mM APH, 50 and 80% of HeLa nuclei displayed greater than 10 discrete FANCD2 nuclear foci, respectively (Fig. 1B and C) .
Patient-derived FA lymphoblasts display increased APH-induced gaps and breaks and specific fragile site instability Patient-derived FA lymphoblasts and their isogenic FANC cDNA complemented pairs were exposed to 0.4 mM APH for 48 h and the number of ensuing chromatid and chromosome gaps and breaks were scored ( Fig. 2 and Table 1 ). FA-A and FA-D2 lymphoblasts displayed 3 -5-fold increased levels of gaps and breaks when compared with corrected FA-A þ FANCA and FA-D2 þ FANCD2 lymphoblasts, respectively, and a wild-type lymphoblast line (Fig. 2B ). These differences were highly significant, with P-values ,0.0001, in both cases. The FA-B lymphoblast line HSC230, which also expresses a C-terminal truncated BRCA2 protein (5), had an 4-fold increase in gaps and breaks compared with wild-type lymphoblasts (P , 0.0001) (Fig. 2B) . Figure 2C shows the characteristic chromosomal anomalies observed following treatment of patient-derived FA-B cells with MMC (tri-and quadri-radials) and APH (chromosome and chromatid gaps and breaks). TrypsinGiemsa banding was used to confirm the occurrence of gaps and breaks at common fragile sites (Table 1 , Fig. 2C ). Common fragile site breakage was significantly elevated in FA patient-derived lymphoblasts following APH treatment. For example, for FA-A lymphoblasts 20% of FRA3B loci examined were broken, compared with 6% broken in wildtype cells (P ¼ 0.005) ( Table 1 , Fig. 2Ciii ).
Disruption of the FA pathway using FANCD2 siRNA results in increased total gaps and breaks and specific fragile site instability Using an siRNA specific for FANCD2, we significantly reduced FANCD2 protein expression in the diploid human HCT116 colon carcinoma cell line (Fig. 3A) . HCT116 was chosen for this particular experiment because of its relatively normal karyotype and high transfection efficiency (18 -20) . After 24 h treatment with 0.2 and 0.4 mM APH, HCT116 cells transfected with FANCD2 siRNA were characterized by a 3 -4-fold increase in total gaps and breaks when compared with control siRNA transfected cells, a highly significant difference (P , 0.001) in all cases (Fig. 3B) . Induction of chromosome gaps and breaks at both FRA3B and FRA16D fragile sites, as detected by FISH, was also increased 2 -3-fold, at 0.2 and 0.4 mM APH, in cells transfected with FANCD2 siRNA when compared with control siRNA transfected cells (Fig. 3C ). As with total gaps and breaks, the differences observed in FRA3B and FRA16D instability were significant; for 0.2 mM APH, P ¼ 0.006 and 0.03, respectively, and for 0.4 mM APH, P , 0.0001 in both cases, as calculated using Fishers exact test.
Replication disruption up-regulates the mono-ubiquitination of both FANCD2 and PCNA, and the phosphorylation of RPA2
It has recently been reported that mono-ubiquitination of the sliding clamp protein PCNA following UV irradiation treatment might signal the switch from processive DNA replication to error-prone translesion synthesis, upon replication fork arrest (21) . Phosphorylation of the RPA subunit RPA2 following DNA damage has also been associated with inactivation of RPA and DNA replication arrest (22) . We, therefore, examined FANCD2 mono-ubiquitination, PCNA monoubiquitination and RPA2 phosphorylation following exposure to high concentrations of APH and HU treatment known to induce replication arrest in HeLa cells (Fig. 4) . Twenty-four hours following treatment with either 4.0 mM APH or 1.0 mM HU, a slower migrating form of PCNA, corresponding to the expected size of mono-ubiquitinated PCNA (40 kDa), was observed (Fig. 4B, lanes 4 and 7) , consistent with the observation of Kannouche et al. 2004 (21) . To confirm that this slower migrating PCNA isoform was indeed monoubiquitinated PCNA, we stably transfected HeLa with HAtagged PCNA and a HA-tagged PCNA containing a lysine 164 to arginine change (HA-PCNA-K164R), the site of PCNA ubiquitination (23) . Consistently, an anti-HA-reactive band of the predicted size was observed for HeLa þ HA-PCNA, but not for HeLa þ HA-PCNA-K164R, after treatment with 4.0 mM APH for 24 h (Fig. 4C, lanes 8 and 9) . Also, following APH and HU treatment, we observed a slower migrating form of the RPA2 subunit of RPA indicating that both APH and HU-mediated replication arrest stimulates RPA2 phosphorylation (Fig. 4D, lanes 4, 6 and 7 ) (22) .
The presence of an intact FA pathway was not required for APH-induced PCNA mono-ubiquitination or RPA2 phosphorylation. Strong PCNA-Ub and phosphorylated RPA2 bands were observed in both PD20F (FA-D2) þ pMMP-empty fibroblasts and complemented PD20F þ pMMP-FANCD2, 24 h following exposure to 4.0 mM APH (data not shown).
Mono-ubiquitinated FANCD2 and PCNA, and FANCD2-Ub and RPA2 co-localize strongly at 4 and 24 h, respectively, following treatment with APH and HU We next examined the kinetics of FANCD2, PCNA and RPA2 nuclear foci formation following APH and HU treatment in HeLa (Fig. 5) . Following treatment with APH or HU, we observed an increase in the number of nuclei with focal, as opposed to distributive, PCNA and RPA2 staining (24) (Fig. 5A and B) . After exposure to high concentrations of APH and HU, strong overlap between PCNA and FANCD2, and RPA2 and FANCD2 was observed at 4 h and 24 h, respectively. After treatment with 4.0 mM APH or 1.0 mM HU for 4 h, 83 and 77%, respectively, of nuclei displayed strong PCNA and FANCD2 co-localization ( Fig. 5A and B) . Conversely, at 24 h following treatment with 4.0 mM APH or 1.0 mM HU, 87 and 73%, respectively, of nuclei displayed strong RPA2 and FANCD2 co-localization ( Fig. 5A and B) . Interestingly, 4 h following exposure to 0.4 mM APH, a concentration used to induce fragile site instability, strong co-localization between PCNA and FANCD2 was evident, when 66% of nuclei with PCNA foci co-stained for FANCD2 (Fig. 5B) . However, at this dose and time point, very few RPA2 nuclear foci were observed.
DISCUSSION
Mono-ubiquitination of the FANCD2 protein is highly regulated during S-phase. Through association with BRCA1 and RAD51 during S-phase, it has been proposed that the FANCD2-Ub protein might play a role in an S-phase-dependent DNA repair process, e.g. homologous recombination (10). Here we describe that activation of the FA pathway occurs under conditions of replicative stress, specifically APH-induced DNA polymerase a and d inhibition, and HU-mediated inhibition of deoxyribonucleotide reductase, as reported elsewhere (25) . Both agents have previously been demonstrated to strongly stimulate homologous recombination between two inactive neo repeats (26) . We also demonstrate that the kinetics of FANCD2 and PCNA mono-ubiquitination, as well as phosphorylation of RPA2 are similar following replication arrest. Early, following high and low dose APH treatment, FANCD2-Ub co-localizes with PCNA. Conversely, only at high concentrations of APH for 24 h, FANCD2-Ub co-localizes with RPA2. In addition, we have established a functional requirement for activation of the FA pathway in response to DNA replication perturbation. Abrogation of the FA pathway increases chromosome instability, particularly at common fragile sites, consequent to DNA polymerase a and d inhibition by low concentrations of APH.
Our findings are consistent with several recent studies on early and late signaling events in the FA pathway and on the regulation of fragile site stability. First, using several in vitro ATR inactivation methods and Seckel syndrome patient-derived cells, the ATR kinase has been established as a critical regulator of fragile site stability, even in the absence of replicative inhibitors (19, 27) . Using similar approaches, the ATR kinase has been shown to be required for activation of the FA pathway (25). Andreassen et al. (25) have also demonstrated that the ATR kinase phosphorylates several GST -FANCD2 fragments (25) . Thus, it seems likely that following DNA replication stress, the ATR kinase directly phosphorylates FANCD2 and promotes its mono-ubiquitination. Whether ATR-mediated FANCD2 phosphorylation is required for damage-inducible FANCD2 mono-ubiquitination remains to be established. Nevertheless, our results establish a functional requirement for the ATR -FANCD2 signal transduction pathway in the repair of chromosome gaps and breaks following DNA replication perturbation.
The ssDNA binding protein complex RPA, recently established as a critical sensor of DNA damage required for activation of the ATR -ATRIP heterodimer (28) , has also been demonstrated to be required for DNA damage-induced FANCD2 mono-ubiquitination (25) . We demonstrate similar kinetics of mono-ubiquitination of FANCD2 and RPA2 phosphorylation following DNA replication inhibition. Furthermore, 24 h following replication inhibition, FANCD2 and RPA2 co-localize strongly in discrete nuclear foci. Our results and those of others suggest that phosphorylated RPA2 may recruit mono-ubiquitinated FANCD2 to sites of replication inhibition-induced ssDNA (25) . Chromatin-associated FANCD2-Ub subsequently acts to recruit essential homologous recombination factors such as BRCA2 and RAD51 (10, 12) . Mono-ubiquitinated FANCD2 has recently been demonstrated to be required for the recruitment of BRCA2 and RAD51 to chromatin (12) . Furthermore, cells defective in either BRCA1 (20) or BRCA2 display elevated fragile site instability, consistent with a role for these proteins in the repair of stalled DNA replication forks (29) .
Post-translational modification of the sliding clamp protein PCNA in yeast and humans has been recently reported to mediate the switch between processive DNA synthesis and UV-induced error-prone translesion synthesis (21, 23, 30) . Saccharomyces cerevisiae PCNA protein is modified via mono-and multi-ubiquitin-, and SUMO-conjugation during S-phase of the cell cycle and following exposure to DNA damaging agents such as MMS and UV irradiation (23, 30) . Here we also observed mono-ubiquitination of PCNA following both APH and HU treatment. Consistent with the observations of Kannouche et al., we did not observe any poly-ubiquitination or SUMO-ylation of PCNA; however, we cannot rule out the existence of these PCNA isoforms in human cells. The RAD6 and RAD18 proteins have been established as the ubiquitin conjugating system for PCNA lysine 164 in yeast and humans, whereas PHF9/FANCL has been established as the probable FANCD2 E3 ubiquitin ligase (4, 23) . It remains to be seen whether the monoubiquitinated PCNA and FANCD2 proteins share a common de-ubiquitination mechanism, signaling replication fork repair and restart.
We propose a model whereby following replication arrest or stalling, PCNA and FANCD2 proteins become monoubiquitinated, signaling the arrest of processive DNA synthesis. At high concentrations of APH and HU, which could result in replication fork collapse, mono-ubiquitinated FANCD2 is subsequently recruited to phosphorylated RPA2-coated ssDNA. Here, FANCD2 acts to recruit DNA repair factors such as BRCA2 and RAD51, potentially signaling a homologous recombination-mediated replication fork restart process. Our findings have significant implications for our understanding of the repair mechanisms and signal transduction pathways activated upon DNA replication fork arrest. Furthermore, given the strong association of many fragile sites with tumorigenesis, our results provide further insight into the increased cancer susceptibility of FA patients.
MATERIALS AND METHODS
Cell lines and culture conditions PD20L (FA-D2), HSC72L (FA-A), HSC230L (FA-B) and PD7L (wild-type) Epstein -Barr virus-transformed lymphoblasts were grown in RPMI 1640 medium with 15% v/v FBS. HSC72L (FA-A) and PD20L (FA-D2) lymphoblasts were complemented with the pMMP-FANCA and pMMP-FANCD2 retroviral vectors (11), respectively, and maintained in RPMI 1640 medium supplemented with 1 mg ml 21 puromycin. HCT116, HeLa and IMR90 SV40-transformed fibroblasts were maintained in DMEM supplemented with 15% v/v FBS. The retroviral expression vector pMMP-puro has been described previously (31) . pMMP-puro-HA-PCNA(wt) was generated by adding the influenza hemagglutinin (HA) tag (AYPYDVPDYA) at the N-terminus of PCNA. The K164R mutation was generated by site-directed mutagenesis using QuikChange (Stratagene). PD20F þ pMMP-Empty, PD20F þ pMMP-FANCD2, HeLa þ pMMP-HA-PCNA and HeLa þ pMMP-HA-PCNA-K164R fibroblasts were maintained in DMEM medium supplemented with 1 mg ml 21 puromycin.
Immunoblotting
Whole-cell extracts were prepared by lysis of cells in RIPA buffer for 30 min on ice. Cell debris was removed by centrifugation at 13 000g at 48C for 10 min. Protein concentrations were determined using the Pierce BCA protein assay. Proteins were resolved using NuPAGE 3-8% w/v Tris-acetate or 4 -12% w/v, or 10% w/v bis -tris (MOPS) gels (Invitrogen) 
Immunocytochemistry
Cells were prepared for immunocytochemistry essentially as described previously (11) . For the detection of chromatinassociated PCNA (21), cells were pre-permeabilized in Triton buffer (32) for 5 min on ice and fixed with 100% v/v 2208C methanol. For the detection of FANCD2 and RPA2, cells were fixed in 4% w/v paraformaldehyde at 48C followed by permeabilization in 0.3% v/v Triton X-100 in PBS. Fixed cells were incubated with primary antibodies in 5% v/v goat serum, 0.1% v/v NP-40, in PBS for 2 h, washed three times in PBS and incubated for 1 h at room temperature with species-specific fluorescein-or Texas Red-conjugated secondary antibodies (Molecular Probes). Cells were counterstained and mounted in vectashield plus 4 0 6-diamidine-2-phenylindole dihydrochloride (DAPI) (Vector Laboratories). Cells were visualized and images acquired using a Zeiss Axioscope epifluorescence microscope with Quips PathVysion imaging software (Vysis Inc., Downers Grove, IL, USA).
Chromosome analyses and fragile site FISH Cells were exposed to 0.2-0.4 mM APH for 24 (fibroblasts) or 48 h (lymphoblasts) prior to harvest. Harvesting of cells, chromosome preparations, trypsin-Giemsa banding and FISH protocols using YAC 850a6 to detect FRA3B and BAC 264L1 (RP-11) to detect FRA16D, were performed as previously described (19, 20) . 
RNA interference
siRNA directed against FANCD2 (target sequence: AACAGCCATGGATACACTTGA) and negative control siRNA sequences were obtained from Qiagen. Introduction of siRNAs into HCT116 and HeLa cells was carried out using Oligofectamine (Invitrogen). Seventy-two hours following siRNA transfection, APH was added to the cultures for a further 24 h, and cells were subsequently harvested for metaphase preparation as described previously. 
Statistical analysis
Total gaps and breaks data were analyzed using the Student's t-test for equal or unequal variance. Variance for each data set was determined using the sample variance F-test. Fisher's exact test (two sided) was used for analysis of specific fragile site expression data.
